Single-dose nevirapine (sdNVP) for prevention of mother-to-child transmission of HIV-1 can select nevirapine (NVP)-resistant variants, but the frequency, duration, and clinical significance of this resistance is not well defined. We used a sensitive allele-specific PCR assay to assess the emergence and persistence of NVPresistant variants in plasma samples from 22 women with HIV-1 subtype C infection who participated in a study of sdNVP for prevention of mother-to-child transmission of HIV-1. The women were categorized into three groups on the basis of detection of NVP resistance by standard genotype analysis. Group 1 (n ‫؍‬ 6) had NVP resistance detected at 2 and 6 mo after sdNVP, but not at 12 mo. Group 2 (n ‫؍‬ 9) had NVP resistance detected at 2 mo, but not 6 mo. Group 3 (n ‫؍‬ 7) had no NVP resistance detected at any time point. Allele-specific PCR analysis for the two most common NVP resistance mutations (K103N and Y181C) detected NVP-resistant variants in most (16 of 21) samples that were negative for NVP resistance by standard genotype, at levels ranging from 0.1% to 20% 1 yr after treatment. The frequency of NVP-resistant mutations decreased over time, but persisted above predose levels for more than 1 yr in >23% of the women. These findings highlight the urgent need for studies assessing the impact of sdNVP on the efficacy of subsequent antiretroviral therapy containing NVP or other nonnucleoside reverse transcriptase inhibitors.
T
he treatment of pregnant women with antiretroviral therapy, in combination with zidovudine chemoprophylaxis administered to newborns, has dramatically reduced vertical transmission of HIV in developed countries (1) (2) (3) (4) (5) . However, perinatal transmission of HIV-1 remains a major problem in developing countries because of limited access to antiretroviral therapy (6) (7) (8) . In this latter setting, the simple regimen of maternal single-dose intrapartum nevirapine (NVP) and single-dose NVP (sdNVP) for the newborn reduces the risk of mother-to-child HIV-1 transmission (MTCT) by 41% through age 18 mo (9) . Moreover, sdNVP has been demonstrated to be more effective than zidovudine chemoprophylaxis alone, and to be equivalent to NVP plus zidovudine in preventing MTCT (9) (10) (11) (12) . The efficacy of sdNVP in preventing MTCT is attributed to its potent antiviral activity, rapid absorption, placental transfer, and long half-life (13, 14) . As a result, its use has been recommended by the World Health Organization as one of several options to reduce MTCT in resource-limited countries [Joint UNAIDS͞WHO press release (2000) (WHO, Geneva)].
NVP is a potent nonnucleoside reverse transcriptase inhibitor (NNRTI) of HIV-1 (15) (16) (17) . If administered as monotherapy, NVP selects for resistant variants within 1 wk, commonly those variants with the K103N and͞or Y181C mutations in reverse transcriptase, which confer cross-resistance to other approved drugs in the NNRTI class (18) (19) (20) . The K103N mutation appears to have little effect on the replicative capacity of HIV-1, allowing variants with this mutation to persist long after NVP therapy has been stopped (21-23).
NVP-resistant variants have been detected by standard genotyping methods in 15-50% of mothers who have received intrapartum sdNVP (24, 25) , with ''fading'' of the resistant population to below the detection limit of standard genotyping in most women by 6 mo. However, the persistence of low-frequency mutants in women and children who were exposed to sdNVP was recently described by two important studies. The first of these studies, by Flys et al. (26) , found that NVP-resistant variants encoding K103N were detected by more-sensitive methods (LigAmp) in three of nine women and one of five infants for 12-24 mo after sdNVP. Similarly, in a crosssectional study by Johnson et al. (27) that employed a sensitive real-time PCR method, K103N variants were detected in 16 of 40 women 4-9 mo after sdNVP.
In the present study, we used a sensitive allele-specific RT-PCR assay for K103N (AAT or AAC alleles) and Y181C (TGT allele) to analyze longitudinal samples from South African women infected with HIV-1 subtype C who had received sdNVP as part of a program to prevent MTCT (22) . Our objective was to assess the extent of persistence and rates of decay of NNRTI resistance variants with these alleles.
Results

NVP Resistance After sdNVP.
All of the women studied were infected with subtype C HIV-1, as determined by standard genotype analysis. The women were categorized into three groups on the basis of detection of NVP-resistance mutations by standard genotyping (Tables 1-3 , Fig. 1 ). Group 1 (n ϭ 6) had NVP-resistance mutations detected at 2 mo and 6 mo, but not at 12 mo, after sdNVP. Group 2 (n ϭ 9) had NVP resistance mutations detected at 2 mo, but not at 6 mo. Group 3 (n ϭ 7) had no resistance mutations detected at 2 mo after sdNVP, which was the only sampling time point.
The percentage of NVP-resistant variants K103N (AAA to AAT or AAC) and Y181C (TAT to TGT) was determined by allelespecific RT-PCR. Predose baseline samples had negligible levels of mutations (Յ0.1%) at both codons, similar to the assay background level. Results from analysis of all patient samples are shown in Fig.  1 and Tables 1-3. populations at codon 103 (AAC) to Ϸ12% of the virus population. At 12 mo after sdNVP, five of six women still had detectable levels of AAC mutation (frequencies of 1.4-15.9%), but the AAT mutation had declined to undetectable levels in three of these women. In group 2, most women (six of eight) had 103N AAC variants detected 6 mo after sdNVP (2.0-10.1% of the virus population), despite negative standard genotypes. AAT mutations were detected in only one of nine women, at a frequency of 0.7%. At 12 mo after sdNVP, only three of nine women still had detectable levels of AAC mutation, with frequencies ranging from 0.7% to 21.6%. In group 3, three of seven women had the AAC mutation detected 2 mo after sdNVP (0.2-15.3% of the virus population), despite negative standard genotypes.
181C Mutants. Analysis of codon 181 revealed that, 2 mo after sdNVP, five of six patients in group 1 and eight of nine in group 2 had minor populations of Y181C ranging from 1.1% to 19.6% of the virus populations. This mutant population was detected in four samples from group 1 and six samples from group 2 by standard genotype. In group 3, most women (five of six) had detectable levels of 181C at 2 mo, ranging from 0.3% to 2.9%, despite negative standard genotypes. At 6 mo, 181C was still detectable in two of six group 1 women (with a frequency of 0.4%) and two of nine group 2 women with frequencies of 0.3% and 0.7%, respectively. At 12 mo, the Y181C mutant population had declined to below the limit of detection in all patients from group 1 and in all but two patients from group 2. Overall, more than half of the patients in groups 1 and 2 (9 of 15) had 103N and͞or 181C mutations 1 yr after sdNVP.
Average Frequency of 103N and 181C Mutations Over Time. To better understand the variability in selection and decay of different mutants among the women studied, we plotted the average frequency of 103N and 181C variants over time (Fig. 2) . The average frequency of the 103N AAC mutation in group 1 patient samples increased to 28% 2 mo after therapy and then decreased to 5% by 12 mo (Fig. 2 A) . Patient samples in group 2 showed a similar pattern of decline at somewhat lower average levels, with the average AAC mutant population increasing to Ϸ22% 2 mo after treatment and then declining over the next 10 mo. Importantly, 1 yr after treatment, the 103N AAC mutation persisted in these two patient groups at an average of 3-5% of the viral population. Two months after treatment, patient samples in group 3 had an average AAC mutation frequency of 3% (later samples were not available for analysis owing to the design of the parent study).
The average frequency of the AAT 103N mutation followed a similar pattern (Fig. 2B ). Two months after sdNVP therapy, the average frequency of this mutation increased to 18% in group 1 patient samples and to 4% in group 2, declining to 1% and 0.2% respectively, at 1 yr. Even though the frequency of this mutation was low relative to AAC, the AAT mutation in both groups persisted above the baseline frequency of 0.003% for more than a year after treatment. The AAT mutation was not detected in group 3 patient samples at 2 mo.
The average frequency of the 181C TGT mutation in group 1 patient samples increased to 4% 2 mo after sdNVP and then decreased over the next 10 mo to 0.1% (Fig. 2C) . Group 2 showed a similar pattern; however, the average frequency of the 181C mutation was 2-fold greater (8%) at 2 mo after treatment, and then declined to 0.4%. In samples from women in group 3 at 2 mo after sdNVP treatment, the average frequency of the 181C mutation was 1%.
Estimated Percentage of Women with NVP-Resistant Variants.
From our data, we estimated the proportion of women in the South African MTCT study who would be expected to have NVP-resistant variants 2, 6, and 12 mo after sdNVP. For this purpose, we multiplied the proportion of women represented in each group by the percentage of patients with mutations in each group at different time points and extrapolated the results to all 335 women enrolled in the study (Table 4) . Using this calculation, we estimate that 83%, Ն34%, and Ն23% of the women in the trials would have NVPresistant variants at 2, 6, and 12 mo, respectively.
Discussion
NVP-resistant variants are detected by standard genotype in 15-40% of HIV-1 infected women who receive sdNVP (24, 25) . These variants have been reported to fade below the limit of detection for this analytical method within 6-12 mo of sdNVP (25) . Standard genotypes, however, can consistently detect only mutations that comprise 20% of the virus population (28) (29) (30) . As a consequence, long-term persistence of NVP-resistant variants could be underestimated. To address this possibility, we used an allele-specific RT-PCR assay that quantifies 103N and 181C variants down to 0.1% to test longitudinal samples from 22 HIV-1 subtype Cinfected women who received sdNVP as participants in a Soweto, South Africa, MTCT study (22) . Analysis of the 22 baseline samples before exposure to sdNVP revealed negligible levels of mutations (0.1% or less) at both codons, similar to the assay background level, indicating that any subsequent increase in these mutant populations was related to sdNVP. We found that 91% of the 22 women studied had 103N and͞or 181C mutations 2 mo after sdNVP, with mutant frequencies ranging from 0.2% to 55.8% of the virus population. After adjusting for the proportion of patients represented in each group, this result suggests that 83% of the women receiving sdNVP in the Soweto MTCT study would be expected to have NVP-resistant variants 2 mo after sdNVP, assuming that these women are typical of those in the parent study. This value is approximately twice the proportion reported in studies that used standard genotype for detection (25, 31, 32) . This finding is consistent with our prior report that mutants comprising 20% of the viral population are not reliably detected by standard genotyping (22, 29) . Our current findings are also supported by a recent study showing that the majority of women have NVP resistance a median of 8 wk after sdNVP and that 33% of these mutants are missed by standard genotype analysis (27) . Even this high rate of NVP resistance may underestimate the true value, because adherence to sdNVP in this study relied on verbal report. Also, the detailed kinetics of appearance and decay of NVP resistance after a single dose have not been determined, and we may have missed low peak values in some patients because of infrequent sampling. Twelve of 14 patients (86%) who had samples available 6 mo after sdNVP (groups 1 and 2 combined) had the 103N and͞or 181C mutation detected with frequencies ranging from 0.3% to 17.9%. Furthermore, 9 of 15 patients (60%) who had samples 12 mo after sdNVP had 103N and͞or 181C detected, with mutation frequencies ranging from 0.1% to 21%. We extrapolated from the data in groups 1-3 that no fewer than 34% and 23% of the 335 women enrolled in the Soweto MTCT study would be expected to have 103N and͞or 181C mutations at 6 and 12 mo after sdNVP, respectively. Thus, by our calculations, more than one in five women who received sdNVP would have had minor populations of NVP-resistant variants 1 yr after dosing that were not detected by standard genotyping.
The average frequencies of the 103N (AAC and AAT) and 181C mutations were similar for patient samples from groups 1 and 2, whereas the average frequencies of 103N (AAC) and 181C mutations were lower in samples from group 3. Allele-specific PCR did not detect any 103N AAT mutations in group 3 samples. In all groups, the average frequency of the 103N (AAC) mutation was greater than that of the 181C mutation, indicating an overall lower frequency for 181C. The reason for these differences is not clear. The frequency of both the 103N and 181C mutations declined with time but persisted above pretreatment levels for Ն12 mo in group 1 and 2 patient samples. We found that the length of time that each mutation persists varied among women; however, the average frequency for group 1 and group 2 patients 12 mo after sdNVP was Ϸ2%. These values are similar to frequencies of 103N found in a smaller study 12-24 mo after the administration of sdNVP (0.8-3.5%) (26) , although the latter study reported only AAC mutation frequencies. This study also used a more sensitive LigAmp assay for detecting lowfrequency mutations.
The long-term persistence of NVP-resistant variants is potentially important for women who will receive sdNVP to block transmission in subsequent pregnancies or who will require antiretroviral therapy for progressive disease (7-10, 14, 26, 27, 33, 34) . A recent report suggests that sdNVP may decrease the efficacy of a subsequent NVP-containing treatment regimen, even if NVP-resistant variants are not detected by standard genotyping methods (32) . This observation raises the possibility that NVP-resistant variants, even at the low frequencies found in the present study, could compromise future treatments containing NNRTIs and limit the subsequent efficacy of sdNVP for prevention of MTCT.
In conclusion, NVP-resistant variants can be detected by allele-specific RT-PCR in the majority of women given sdNVP to prevent MTCT. This more-sensitive assay detects resistance for Ն6 mo after the standard genotype becomes negative for these mutations. The frequency of the 103N and͞or 181C mutations declined with time but persisted above pretherapy levels for Ն12 mo in 60% of the women who had NVP resistance detected by standard genotype 2 mo after sdNVP. Additional studies are needed to assess the clinical significance of NVPresistant variants, particularly in relation to subsequent treatment with antiretroviral therapy and subsequent pregnancies.
Materials and Methods
Clinical Specimens. Plasma samples were collected from 22 women participating in a prospective MTCT cohort at Chris Hani Baragwanath Hospital, Soweto, South Africa. Sample collection was approved by the Human Research Ethics Committee (Medical) of the University of the Witwatersrand, and all participants provided written informed consent for viral resistance testing. Baseline and follow-up plasma samples were selected randomly and analyzed from 22 of 335 women who had received sdNVP in the MTCT study. In the present study, all women had a blood draw scheduled at 6 wk postpartum. Thereafter, blood draws were performed only if the first sample was found to have resistant mutations by standard genotyping. Plasma samples were collected from the 22 women at baseline before exposure to sdNVP, and at a median of 2 mo (from 1.5 to 3.5 mo; n ϭ 22), 6 mo (from 5 to 9.3 mo; n ϭ 14), and 12 mo (from 11.7 to 14.1 mo; n ϭ 15) thereafter.
Standard Genotype. Standard genotype analysis was performed on all specimens at an accredited laboratory in South Africa, employing the HIV-1 ViroSeq genotyping system (Abbott͞ Celera, Abbott Park, IL), and data were analyzed by using both ViroSeq software and the Stanford database. One standard genotype was obtained for each time point, and sequence discrepancies were settled by reviewing the specific sequence chromatogram.
Viral RNA Extraction and Amplification. RNA was extracted from virus pelleted from 250 to 1,000 l of plasma (containing a minimum of 10,000 copies of HIV-1 RNA) as described (22, 29) . First-round, real-time RT-PCR amplification of a 637-bp fragment of pol including reverse transcriptase codons 22-234 was performed by using HIV-1 subtype C-specific primers 1946F 5Ј-AAACAATGGCCATTGACAGAAGA-3Ј and 2583R 5Ј-GTTCATACCCCATCCAAAGAAATG-3Ј, with PCR product monitored by SYBR green fluorescence as described (22) . All primers used in the assay were subtype C-specific and specially designed to amplify subtype C virus found in South Africa; other primer sets may be required for non-C subtypes. The patient samples were run in triplicate. No-template controls and HIV RNA standards (3 ϫ 10 6 to 300 copies) were included on the same 96-well plate. To confirm amplification specificity, PCR products were subjected to thermal denaturation analysis of 70-80°C, with readings taken every 0.1°C for 3 sec. Samples that did not yield the correct melting temperature (T m ) for the amplified product were removed from the analysis.
Allele-Specific RT-PCR. The products of the first amplification were diluted to Ϸ10 7 total copies per reaction mixture, and a second round of PCR was performed with nondiscriminating primers (2090F 5Ј-AAG TGG AGA AAA TTA GTA GAT TTC AGG GA-3Ј and 2222R 5Ј-ATC CCC CAC ATC TAG TAC TGT CAC TG-3Ј for codon 103 or 2298F 5Ј-CAC CAG GGA TTA GAT ATC AAT ATA ATG TG-3Ј and 2450R 5Ј-CTA CAT ACA AGT CAT CCA TAT ATT GA-3Ј for codon 181), as well as with primers that amplified specific alleles (AAC 103N: 2218R 5Ј-CCC ACA TCT AGT ACT GTC ACT GAT TGG-3Ј The percentage of patients with 103N and͞or 181C mutations detected by standard genotyping (gray lines and squares) was compared with the percentage of patients with mutations detected by allele-specific PCR (dashed lines and circles). Samples were divided into three groups on the basis of standard genotype results: group 1, positive for a NNRTI-resistant mutation at 2 and 6 mo (A); group 2, positive at 2 mo only (B); and group 3, never positive (C).
Fig. 2.
Average percent of NNRTI-resistant variants 103N (AAC and AAT) (A and B, respectively) and 181C (C) for each patient group. Longitudinal plasma samples were obtained from patients before and after sdNVP therapy, and the percentage of each mutant population was measured by allele-specific PCR. The average percentage for each group was then calculated. Solid lines with circles represent group 1, dashed lines with squares represent group 2, and dark-gray short dashes with triangles indicate group 3. The background level for each assay is shown.
